In this work,
Background
With the rapid development of economy, environmental pollution has become one of the most serious problems for human. Particularly, a huge amount of wastewater containing various organic dyes and pigments has been generated annually from chemical industries like paper, textile, paint, and cosmetic manufacturers all over the world. Before releasing the wastewater into the river, those organic pollutants must be removed since most of them are non-biodegradable and carcinogenic and pose an immense threat to the environment and human health. Semiconductor photocatalysis has been received as one of the most promising wastewater treatment technologies [1] [2] [3] [4] [5] [6] [7] [8] [9] . This technology can utilize solar energy as the power source for the organic pollutant decomposition. To utilize the solar energy more effectively in the photocatalysis, it is highly desirable to develop visible-light-responsive photocatalysts since visible light accounts for 45% of the solar energy. Moreover, to achieve a good photocatalytic activity of the photocatalyst, the photogenerated electron-hole (e − -h + ) pairs must be effectively separated because the photocatalytic reaction is associated with the photogenerated electrons and holes [10, 11] .
Recently, silver orthophosphate (Ag 3 PO 4 ) with a bandgap energy of~2.4 eV has been extensively studied as a promising visible light photocatalyst [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . First principle calculations based on the density functional theory suggested that Ag 3 PO 4 has a highly dispersive band structure of the conduction band minimum resulting from Ag s-Ag s hybridization without localized d states [32] , which is advantageous for the separation of electron hole pairs as well as the electron transfer. Furthermore, Ag 3 PO 4 has a quantum efficiency much higher than the values reported for other semiconductors (~90% at λ > 420 nm) [12, 13] . These make Ag 3 PO 4 an excellent photocatalytic activity for the decomposition of organic pollutants as well as O 2 evolution from water splitting under visible light irradiation.
However, there are still some limitations in the Ag 3 PO 4 photocatalyst. It is noted that the conduction band potential of Ag 3 PO 4 is more positive than that of the hydrogen electrode [12] . This means that if there are no sacrificial electron acceptors involved in the photocatalytic system, the photogenerated electrons could reduce the lattice Ag + in Ag 3 PO 4 into metallic Ag during the photocatalytic process. This self-photocorrosive phenomenon leads to a decrease in the photocatalytic stability of Ag 3 PO 4 . Moreover, Ag 3 PO 4 is slightly soluble in aqueous solution, which could also decrease its structural stability during the photocatalytic process. To further improve the photocatalytic performance as well as the photocatalytic stability of Ag 3 [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . In these composite photocatalysts, photogenerated electrons and holes tend to migrate from one semiconductor to another, leading to an efficient separation of electron hole pairs. As a result, more photogenerated electrons and/or holes are available for participating in photocatalytic reactions. It has been shown that the heterojunction composites exhibit enhanced photocatalytic performance compared to individual semiconductors. Furthermore, the photocorrosion and solubility behaviors of Ag 3 PO 4 can be inhibited to some extent by the construction of heterojunction composites.
In Sample characterization X-ray powder diffraction (XRD) with Cu Kα radiation was used to determine the crystal structure of the samples. Field emission scanning electron microscopy (SEM) and field emission transmission electron microscopy (TEM) were used to investigate the morphology and microstructure of the samples. The optical absorption and bandgap energy of the samples was investigated by ultravioletvisible diffuse reflectance spectroscopy (UV-vis DRS) on a UV-vis spectrophotometer with an integrating sphere attachment. The chemical composition and electron binding energies for the elements were measured by X-ray photoelectron spectroscopy (XPS) on a PHI-5702 multifunctional X-ray photoelectron spectrometer, where the binding energy scale of the XPS data was calibrated against the adventitious C 1s peak at the binding energy of 284.8 eV. The photoluminescence (PL) spectrum of the samples was measured by using a fluorescence spectrophotometer (excitation wavelength 315 nm).
Photoelectrochemical measurement
The photoelectrochemical properties of the photocatalysts were measured by electrochemical impedance spectroscopy (EIS) and photocurrent response on a CST 350 electrochemical workstation using a three-electrode cell configuration [55] . A platinum foil was used as the counter electrode, and a standard calomel electrode (SCE) was used as the reference electrode. The working electrode was prepared as follows: 15 mg of the photocatalysts and 0.75 mg of polyvinylidene fluoride (PVDF) were mixed together using 1-methyl-2-pyrrolidione (NMP) as solvent to form slurry. The slurry was uniformly coated onto fluorine-doped tin oxide (FTO) glass substrate with an area of 1 cm × 1 cm and then submitted to drying at 60°C for 5 h in a thermostat drying oven. Na 2 SO 4 aqueous solution with concentration of 0.1 mol L −1 was used as the electrolyte. The EIS measurement was carried out by the use of the sinusoidal voltage pulse with amplitude of 5 mV and in the frequency range of 10 
Photocatalytic evaluation
Rhodamine B (RhB) was chosen as the target organic pollutant to evaluate its degradation behavior over the samples under irradiation from a 200 W xenon lamp (solar simulator). RhB was dissolved in distilled water to make 5 mg L −1 RhB aqueous solution. Twenty milligrams of the photocatalyst was loaded in 100 mL of RhB solution. The mixed suspension was firstly stirred by a magnetic stirrer for 20 min in the dark and then submitted to photocatalysis. During the photocatalysis process, the reactor was cooled with a water cooling system to maintain the reaction solution at room temperature. At given time intervals, a small portion of the reaction solution was taken out from the reactor for examining the RhB concentration, which was determined by measuring the absorbance of the solution at λ = 554 nm on a UV-vis spectrophotometer. Before absorbance measurement, the photocatalyst was removed by centrifugalization. The percentage degradation of RhB is defined as (C 0 − C t )/C 0 × 100%, where C 0 is the initial RhB concentration and C t is the remaining RhB concentration after photocatalysis for time t.
Detection of hydroxyl
PL spectroscopy is an important technique that can be used to detect hydroxyl (•OH) radicals formed over the simulated sunlight irradiated photocatalyst. Here, terephthalic acid (TPA) was used as the •OH scavenger to examine •OH radicals. NaOH solution with concentration of 1.0 mmol L −1 was prepared by dissolving NaOH in distilled water. A stoichiometric amount of TPA was dissolved in the above NaOH solution to make 0.25 mmol L −1 TPA solution. Twenty milligrams of the photocatalyst was loaded in 100 mL of the TPA solution. The mixture was magnetically stirred for 20 min in the dark and then irradiated by a 200-W xenon lamp. A small portion of the solution was taken out from the reactor after reaction for a certain period of time and submitted to centrifugation to remove the photocatalyst. The PL spectrum of the clear solution was measured on a fluorescence spectrophotometer (excitation wavelength 315 nm). Figure 1 shows the XRD patterns of Bi 4 Fig. 3h , the signals of the constituent elements of the composite are clearly included in the spectrum. The observed C and Cu signals could derive from the microgrid that is used for supporting the sample. It is noted that EDS is suitably used for the quantitative determination of the content of heavy elements (e.g., Bi, Ti, and Ag), but not light elements (e.g., P and O) [56] . The atomic ratio of Bi to Ti is obtained as 4/3 from the EDS spectrum, which agrees well the Bi/Ti atomic ratio of Bi 4 Ti 3 O 12 phase. The atomic ratio of Ti/Ag is very close to 1/9, implying that Bi 4 Ti 3 O 12 phase accounts for about 10% of the total molar content of the composite.
Results and discussion

XRD analysis
BET surface analysis Figure 4 shows the N 2 adsorption-desorption isotherm of 10% Bi 4 Ti 3 O 12 /Ag 3 PO 4 . This kind of isotherm is very similar to type II adsorption isotherm according to the IUPAC classification. The desorption curve coincides almost with the adsorption curve with no obvious hysteresis loop, implying the absence of mesopores in the composite. The insert in Fig. 4 shows the BrunauerEmmett-Teller (BET) surface area plot of the composite, from which the BET surface area is calculated to be 2.08 m 2 g −1 .
XPS analysis
The Figure 5a shows the XPS survey scan spectra of the samples, revealing that the samples clearly include their own constituent elements and no other impurity elements are found. Figure 5b shows the O 1s XPS spectra of the samples. For bare Fig. 3 additional peaks are visible on the Ag 3d XPS spectra [37] . The observation of the P 2p binding energy at 133.2 eV is indicative of the presence of P 5+ oxidation state [37] . The Ag 3d and P 2p XPS signals undergo no change in the composite. Figure 5e , f shows the XPS spectra of Bi 4f and Ti 2p, respectively. For bare Bi 4 Ti 3 O 12 , the Bi 4f spectrum presents two sharp peaks at 159.0 and 164.3 eV, which correspond to the binding energies of Bi 4f 7/2 and Bi 4f 5/2 , respectively [52] . This implies that Bi exists in the + 3 oxidation state. On the Ti 2p spectrum, the peaks at 458.0 and 465.8 eV are assigned to the binding energies for Ti 2p 3/2 and Ti 2p 1/2 , respectively, which indicates that Ti is in the form of Ti 4+ oxidation state [52] . For the composite, the Bi 4f and Ti 2p peaks exhibit a slight shift toward higher binding energies, which could arise due to the chemical bonding between Bi 4 Ti 3 O 12 and Ag 3 PO 4 . 
UV-vis DRS spectra
PL spectra
PL spectroscopy is used to evaluate the recombination behavior of photogenerated electron-hole pairs in the photocatalysts. The PL intensity is in proportion to the recombination rate of photogenerated electrons and holes. Figure 7 shows the PL spectra of Ag 3 PO 4 Photoelectrochemical properties EIS and photocurrent response can be also used to investigate the separation and transfer behavior of photogenerated electrons and holes in the photocatalysts. Figure 8a shows the Nyquist plots of the EIS spectra for Ag 3 , which is much higher than that of bare Ag 3 PO 4 (~4 μA cm Figure 9a shows the time-dependent photocatalytic degradation of RhB over Bi 4 Fig. 9c . To further reveal the photocatalytic activity of the samples, the photocatalytic degradation kinetics of RhB is investigated. Figure 9b shows the plots of Ln(C t /C 0 ) versus irradiation time (t) for the samples. It is seen that the dye degradation conforms well to the first-order kinetic equation Ln(C t /C 0 ) = − k app t, where k app is the apparent first-order reaction rate constant (min −1 ) [57] . The obtained rate constants for the samples are shown in Fig. 9d In most of the photocatalytic systems, the dominant active species responsible for the dye degradation include •OH, superoxide (•O 2 − ), and h + [58] . It is known that •OH, •O 2 − , and h + can be scavenged by ethanol, benzoquinone (BQ), and ammonium oxalate (AO), respectively [56] . Therefore, the role of the active species in the photocatalysis can be verified by investigating the effect of ethanol, BQ, and AO on the photocatalytic degradation of the dye. Five milligrams of ethanol, 0.0011 g of BQ, and 0.0142 g of AO are separately added in 100 mL reaction solution, and then, the photocatalytic experiments are carried out under the same conditions. Figure 10a shows the 
Photocatalytic performances
Information of •OH radicals
We further examine whether there are •OH radicals formed over the simulated sunlight-irradiated 10% Bi 4 Ti 3 O 12 /Ag 3 PO 4 by PL spectroscopy using TPA as the scavenger of •OH. It is known that TPA will react with •OH to produce 2-hydroxyterephthalic acid (TAOH) that can emit photoluminescence having a wavelength of 429 nm [59] . The PL emission intensity is proportional to the amount of •OH radicals. Figure 11 shows the PL spectra of the TPA solution after reaction for 30 min over 10% Bi 4 Ti 3 O 12 /Ag 3 PO 4 and P25. It is well established that •OH is easily generated over the irradiated P25 (a mixed-phase TiO 2 photocatalyst) in water solution. As a result, the TPA reaction solution shows a strong PL signal at 429 nm when P25 is used as the photocatalyst. However, when 10% Bi 4 
Discussion of photocatalytic mechanism
The CB and VB edge potentials of Bi 4 Ti 3 O 12 and Ag 3 PO 4 are determined according the method described in the literature [60] , as schematically shown in Fig. 12a 4 . Due to the carrier transfer process, the recombination of electron-hole pairs can be effectively inhibited. As a result, more photogenerated holes and electrons are able to participate in the photocatalytic reactions, thus leading to an increased photocatalytic performance of the Bi 4 Ti 3 O 12 /Ag 3 PO 4 heterojunction composites. It is noted that the photocatalytic performance of the composite photocatalysts is highly associated with 
